ABSTRACT The design, development and application of high-speed scanning electrochemical probe microscopy is reported. The approach allows the acquisition of a series of high-resolution images (typically 1000 pixels µm -2 ) at rates approaching 4 s per frame, while collecting up to 8000 image pixels per second, about 1000 times faster than typical imaging speeds used up to now. The focus is on scanning electrochemical cell microscopy (SECCM) KEYWORDS High-speed scanning, electrochemical imaging, scanning electrochemical cell microscopy, self-assembled monolayer, carbon nanotube, nanoparticle, electrocatalysis
Scanning probe microscopy (SPM) techniques offer tremendous capabilities for the structural and functional characterization of interfaces, which cannot be accessed by custom microscopic tools. However, while providing very high resolving power (down to the single atom level), 1 the time resolution (image acquisition rate) of SPMs has traditionally been constrained by factors such as the resonant frequencies of the piezoelectric actuators of the positioning system 2 as well as the intrinsic response time of the scanning probe itself. An important aspect of SPM development is thus to improve scanning rates, which now approach 1300 frames per second (fps) with advances in high-speed scanning tunneling (STM) and atomic force microscopy (AFM) techniques. [3] [4] [5] [6] [7] In contrast, electrochemical probe imaging techniques cannot presently reach anywhere near such high scan dynamics for reasons that are discussed below. This is an issue because such techniques bring distinct attributes for noncontact visualization of interfacial processes (chemical concentrations, speciation and flux imaging), and improvements in image acquisition time would thus be hugely beneficial for probing and understanding surface chemistry. Although very well established techniques, like scanning electrochemical microscopy (SECM), [8] [9] [10] have been implemented in a variety of research applications, from the scanning of electrocatalyst libraries 11, 12 to the read-out of enzymatic activity for bioassays, 13 and the in-situ examination of living cell metabolism, 14, 15 the slow probe scan rates present a severe limitation for the number of images that can be recorded, impacting greatly on the level of dynamic information that can be obtained.
In a typical scanning electrochemical probe microscopy (SEPM) setup, effective probe translation rates typically do not exceed one (or a few) tip radius per second due to: (i) the relatively slow time constant of amperometric microelectrode probes (time required to establish the diffusion layer near the electrode), 16 which has usually required imaging in a repetitive move-stop-measure routine, slowing down the imaging process; and (ii) the rate of data acquisition, limited by the electronics capabilities (potentiostats, current-voltage converters, etc.). The rate of the probe positional feedback response, if employed, also has to be considered. [17] [18] [19] [20] [21] [22] As a consequence, the duration of SEPM experiments typically ranges from several tens of minutes to a few hours per image frame. Within such a time scale sample ageing, probe and/or sample fouling, drift or change of experimental conditions (e.g.
temperature, solution composition etc.) may become a serious issue and usually only a single image or a few snapshots at a given set of experimental parameters can be recorded, often over a rather limited area. Attempting to improve the time resolution of SEPMs by scanning at elevated probe translation rates can compromise the image quality due to distortions from complex convective effects, especially with larger UME probes, 12 or simply because of the reduced pixel density in the image frame.
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Unconventional (circular and spiral) 24 scan patterns, as well as image postprocessing 25 have been employed to overcome some limitations of slowly responding potentiometric SECM probes, however, the images did not exceed a few hundred data points, and were acquired with an acquisition rate that was 2 pixels per second at best.
Although parallelized scanning routines 26, 27 using linear arrays of microelectrodes probes are capable of mapping large scan areas, [28] [29] [30] such probe designs do not readily allow the acquisition of multiple frames and preclude high spatial resolution imaging.
Herein, we present the development of a high-speed scanning probe microscope for the characterization of electrochemical activity at high spatial resolution. The technique is implemented on a scanning electrochemical cell microscopy (SECCM) [31] [32] [33] platform, a scanning droplet cell technique, which is proving powerful for sensitive measurements of local electrochemical reactivity.
SECCM offers reasonably fast mass-transport of redox species, low capacitance and noise levels, along with a relatively quick response time. We show that it is possible to translate this droplet probe (200 nm radius) across the substrate at rates approaching 150 m s -1 . This strategy allows us to record image sequences (routinely over 100 snapshots at different potentials) with a frame rate of 0.24 fps (an image frame every 4 s), orders of magnitude higher than ever before, and a very high image pixel density of about 1000 pixels m -2 (with a recording rate of up to 8000 pixels per second, again much better than existing SEPMs). This is achieved by using a nonconventional spiral scan pattern for probe positioning.
We demonstrate the high versatility of this technique on a variety of examples, from model gold dots in micropatterned self-assembled monolayers (SAMs) to the visualization of the activity of an individual single-wall carbon nanotube (SWNT) electrode at variable potentials. The characterization of nanoscopic electrocatalytic materials is exemplified by the mapping of an iridium oxide nanoparticle-decorated highly-ordered pyrolytic graphite (HOPG) electrode for water splitting. These studies provide a platform for further SECCM studies and for the expansion of the concept to other SEPMs.
RESULTS AND DISCUSSION

Fast scan technique considerations
SECCM utilizes a positionable double-barrel nanopipette ( Figure 1a ) filled with electrolyte solution, together with a quasi-reference counter electrode (QRCE) in each channel. While the nanopipette is suspended in air, a small value of ionic current flows between the nanopipette barrels through the tiny liquid droplet at the probe tip, with a bias V2 applied between the QRCEs. Upon approaching the substrate, the liquid droplet at the tip makes meniscus contact with the specimen surface, and the value of ionic current informs on the meniscus geometry. 32 In this work we use sinusoidal probe tracking using an Archimedes spiral pattern (see Figure 1b ) that allows continuous probe movement from the spiral center outwards (forward scan) and then back inwards towards spiral origin (reverse scan), defined as a parametric curve: Another key consideration for high frame rate imaging is the response time of the electronics, which largely depends on the magnitude of the measured signal. In the nA current range (as typical for scanning ion conductance probes), the response time approaches a few hundred kHz. Amperometric currents in nanoscale SECM and SECCM are typically in the pA  10 pA range for which the characteristic response frequency is several kHz (and up to multiple tens of kHz), depending on the noise level that is acceptable, so that images comprising tens of thousands pixels can be recorded within a time scale of seconds.
The final consideration is how fast amperometric probes can respond to a change in local concentration, which is governed by the local mass transport rate. For a nanoscale disc electrode (as employed, for example, for SECM) this is rapid (a 2 /D = 2.5 s, or 400 kHz for a 50 nm radius (r) probe and redox species diffusion coefficient, D, of 10 -9 m 2 s -1 ). The mass transport time constant in SECCM (depends on probe geometry and other parameters, easily tunable) is typically 100 times smaller (vide infra). These estimations provide great confidence that high resolution electrochemical images at ultra-fast rates should be realizable, with the response time approaching steady-state.
Imaging interfacial electroactivity on microscopic spots on SAM-covered electrodes
We first demonstrate the high-speed imaging of local chemical heterogeneities in a thin film of Au covered with a patterned SAM of 1-dodecanthiol. It is important to point out that convective effects do not play a significant role in high-speed SECCM imaging, as the technique is intrinsically immune to convection. Convective fluxes, which may arise in the fast moving droplet are strongly suppressed inside the pipette due to friction forces, especially with the use of nanopipette probes. Therefore, the measured current, which mainly depends on the mass flux within the pipette, 32 remains almost exempt from convective influence, even at very high translation rates.
Outlook: high-speed imaging of electrocatalysis at nanoscale
SECCM provides a platform to study heterogeneous catalytic reactions at the nanoscale, with the opportunity to access the activity of individual nanoparticles along with their structure using a multimicroscopy approach. 46, 47 As highlighted above, the high-speed scanning method becomes even more powerful when an additional parameter, such as time or the reaction driving potential are brought to bear on a series of images, and this is particularly the case for complex electrocatalytic surfaces. The set of frames in Figure 4b depicts the reactivity of NPs at a variety of substrate potentials. The striking difference to the average currents taken from the entire image is that IrOx nanoparticles do reveal electrocatalytic characteristics at lower overpotential values (the maps show that some NPs are active already at 0.5 V vs. Ag/AgCl QRCE), whereas the average response shows a barely detectable current enhancement (as would also be the case in a macroscopic experiment).
Electrochemical imaging also allowed the evolution of NP activity to be followed as the overpotential was increased. In turn, this opens up the possibility of classifying NP clusters depending on their catalytic effect. For instance, particle aggregates "A" retain almost the same electrocatalytic activity (with respect to the average on the image) regardless of the applied potential, "B" and "C" are progressively activated
with an increase of substrate potential, while cluster "D" exhibits relatively high electrocatalysis throughout almost the whole potential sweep. This difference in behavior could be due to variations in morphology of the NPs forming a particular cluster (shape, size, crystal structure, as well as arrangement of NPs in an aggregate). 47 However, further characterization of these effects was not the aim of this work. Rather, we sought to show that fast imaging of NPs on supports is possible. It is important to note that in some cases (and depending on the type and size of the NPs), detachment of NPs 48 and their removal/re-position with a moving liquid meniscus could be a possible scenario, and this would need to be assessed for a particular system. On the other hand, such effects could also offer an opportunity for the manipulation of particles on surfaces and the fabrication of nanostructures.
CONCLUSIONS
The possibility of imaging reactive heterogeneities across interfaces with high spatiotemporal resolution is very attractive for a number of reasons, notably the convenience of greatly reducing the image acquisition time, the potential to track chemical processes evolving dynamically or with a change of experimental conditions, as well as the possibility of avoiding experimental difficulties attributed to the probe and/or sample ageing and fouling. In this work, an extensive roadmap introducing the capabilities of electrochemical microscopes to acquire high-resolution images at high speed has been presented.
As demonstrated, the implementation of high frame rate routines requires protocols for the rapid translation of an electrochemical nanoprobe over a specimen surface, high data recording rate and a fast probe response. We have illustrated this concept using scanning electrochemical cell microscopy (SECCM), capable of resolving surface chemical activity, with a harmonic scan profile to improve scanning performance and a strategy to trace the interface morphology followed by a series of quick retrace scans. This approach allowed the acquisition of a large number of image frames with an exceptionally high frame rate, approaching 4 s per single highresolution snapshot (consisting of up to 1000 pixels per m 2 ). This time scale is approximately 34 orders of magnitude better than in typical conventional electrochemical probe imaging techniques, yet without any compromise in resolution, which -despite the much faster imaging rates -is also much better than in typical scanning electrochemical microscopy (SECM) studies.
We expect that this strategy could be extended for the use with other electrochemical imaging techniques, especially SECM coupled with appropriate positional feedback techniques. A combination of SECM with the highly versatile capabilities of scanning ion conductance microscopy (SICM) 21 could further open the possibility of performing high-speed imaging even without a topographical prescan (by taking advantage of the improved time resolution of bias-modulated SICM 34 for vertical positioning at tens of kHz frequencies). The nanoscale electrodes that can be used in SECM-SICM would also ensure imaging at close to steady-state conditions.
METHODS
Scanning electrochemical cell microscopy (SECCM) setup
Nanopipettes 
Single wall carbon nanotube (SWNT) substrates
The SWNT sample, comprising flow-aligned SWNTs on oxidized Si wafers, was fabricated as described elsewhere. 42, 44 After successful growth of SWNTs, a contact pad (Pd thin film, thickness ca. 50 nm) was evaporated on top of a 2 nm thick Nanoparticle clusters denoted as "A", "B", "C" and "D are marked. Because the current range changes dramatically in each image, the color bar is progressive with a minimum value set to 0 pA and maximum value given as a factor of the average substrate current measured by the probe (Iavg) as Isub = 9Iavg (see Figure 4a for average values). Scale bar 5 m. Black circles in the center denote areas where data were not recorded.
